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I .  INTRODUCTION 


Ion  implants  are  commonly  used  during  the  fabrication  of  Hg^_xCdxTe 
infrared  ( IR)-photodiode  devices.  Without  further  processing,  these  implants 
always  appear1"3  to  create  an  n-type  layer  in  Hg^CdjJe.  Although  the  nature 
of  these  donor  states  has  not  been  definitively  established,  the  states  are 
widely  believed  0  to  be  implant-induced  damage  "defects"  and  not  the 
implanted  atoms.  However,  thermal  anneals  can  electrically  activate  some 
implanted  species  to  reveal3  donor  (e.g.,  In)  or  acceptor  (e.g.,  P) 
behavior.  The  properties  of  implanted  boron  atoms,  which  should  be  donors 
when  substituted  on  the  metal  sites  in  Hg^_xCdxTe,  remain  very 
controversial.  Although  it  is  unclear  whether  the  implanted  boron  ions 
play  any  direct  role  as  active  donors  in  the  formation  of  the  n-p  Junction, 
boron  implants  have  been  widely  used1  to  produce  photodiodes.  More  complete 
information  on  the  interactions  of  boron  implants  with  damage  defects  or 
impurities  is  needed  to  resolve  the  specific  contributions  of  boron  atoms  to 
the  electrical  properties  of  implanted  Hg.|_xCdxTe. 

Electron  paramagnetic  resonance  (EPR)  spectroscopy,  which  is  also  known 
as  electron  spin  resonance  (ESR),  is  a  powerful  method  to  characterize  point 
defects  in  elemental  and  compound  semiconductors.  Analyses  of  the 
experimental  EPR  parameters,  such  as  the  g-factor  constant,  fine  structure 
constant,  and  hyperfine  coefficients,  can  unequivocally  identify  paramagnetic 
defects  or  impurities  in  many  instances.4*  Although  EPR  studies  have  been 
performed  on  numerous  II-VI  compound  semiconductors, relatively  few  studies 
have  been  performed  on  the  Hg^CdjjTe  system.  Whereas  characteristic  EPR 
spectra  have  been  reported  for  transition  metals,®  shallow  donors, ^  and  deep 
donors10,11  in  CdTe,  only  two  papers1^’13  have  presented  EPR  results  for  the 
ternary  Hg.|_xCdxTe  alloys.  Consequently,  EPR  experiments  have  been  performed 
on  boron-implanted  CdTe  and  HgQ  yCdg  ^Te  crystals  to  determine  whether  donor 
states  or  other  paramagnetic  species  have  been  created  by  the  implantation 
process.  Rather  intense  EPR  signals  with  "free-electron"  spin  characteristics 
have  been  detected  at  low  temperatures  after  boron  implants  of  lO1^  ions/cm^ 


or  larger.  Although  the  specific  defects  responsible  for  these  new  signals 
cannot  yet  be  identified,  the  spectral  properties  are  similar  to  those  of  the 
EPR  spectra  for  the  dangling-bond  centers  previously  found  in  ion-implanted 
silicon11*  can  GaP.1-*  Thermal  anneals  up  to  300°C  do  not  significantly  alter 
the  concentration  of  the  paramagnetic  defects  in  boron-implanted  Hg.j_xCdxTe, 
although  some  minor  changes  in  the  EPR  spectra  are  apparent. 


II.  EXPERIMENTAL  BACKGROUND 


* 

Two  X-band  spectrometers  are  used  for  the  EPR  measurements:  a  Varian  E- 
line  spectrometei  and  a  homemade  homodyne  spectrometer.  A  Varian  E-line 
spectrometer  has  a  slotted  window  in  one  wall  of  the  microwave  cavity,  which 
permitted  in  situ  illumination  of  samples  at  temperatures  down  to  about  5  K 
when  used  with  an  Air  Products  Heli-Tran  liquid  transfer  system.  The  homemade 
homodyne  spectrometer,  with  the  microwave  cavity  in  a  cold  helium  gas  flow, 
permitted  EPR  measurements  to  be  made  in  the  dark  at  temperatures  as  low  as 
2  K.  Prior  calibrations  of  the  homodyne  spectrometer  provided  accurate  g- 
value  determinations  as  well  as  semiquantitative  estimates  (i.e.,  uncer¬ 
tainties  of  about  25-50?)  of  the  spin  concentrations. 

The  Hg1_xCdxTe  samples  used  in  the  EPR  experiments  were  nominally  undoped 
bulk  single  crystals  with  volumes  between  10  and  50  mm^.  The  semi-insulating 
(SI)  CdTe  crystals  had  been  purchased  from  1 1 —VI ,  Inc.  The  p-type 
Hg0  yCd^  2Te  crystals  had  been  obtained  from  Cominco  and  New  England  Research 
Corporation  (NERC).  Although  the  orientations  for  the  major  crystal  faces 
were  known,  in  some  cases  several  HgQ  ^CdQ  ^Te  wafers  were  sliced  randomly. 
Properties  of  crystal  samples  that  were  subsequently  implanted  with  boron  are 
presented  in  Table  1.  EPR  measurements  were  performed  on  all  the  Hg1_xCdxTe 
materials  prior  to  implantation.  One  of  the  CdTe  crystals  (sample  Cl) 
exhibited  EPR  spectra  that  correspond  to  the  paramagnetic  transition  metals 
Fe+:5  and  Co+  previously  seen  by  other  researchers.  No  EPR  signals  have  been 
observed  from  other  Hg1_xCdxTe  samples  listed  in  Table  1.  When  these  crystals 
were  cooled  to  temperatures  below  15  K,  in-situ  illumination  with  ultraviolet 
(UV)-filtered,  IR-filtered,  and  an  unfiltered  250  W  xenon  lamp  had  no 
noticeable  effect  upon  the  EPR  signals  for  any  Hg^_xCdxTe  sample.  In 
particular,  there  was  no  evidence  for  the  g  *  2.2 35  -  2.5  or  g  :  3.0 

* 

An  X-band  system  operates  at  a  nominal  resonant  microwave  frequency  of  9  GHz. 
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Table  1.  Properties  of  Hg.j_xCdxTe  Samples  Used  for  Boron  Implantation  Studies 


ID 

Label 


Implant  Crystal 

Face  Source 


Carrier 

Contents^ 

(1015cm-3) 


Paramagnetic 
Species 
Seen  Before 
Implants 


<  1 1 1  > 

I I -V I ,  Inc 

<100) 

II -VI ,  Inc 

<110> 

Cominco 

<110) 

Cominco 

Random 

NERCc 

From  77  K  Hall  data  provided  by  the  vendors. 

Semi-insulating  (i.e.,  resistivity  >10^  ohm-cm  at  room  temperature) 
New  England  Research  Corporation. 
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paramagnetic  centers  recently  reported  for  undoped  p-type  HgQ  ^CdQ  ^Te  by 
'  Jones  et  al .  ^ 

The  acceptor  levels  for  the  HgQ  ^CdQ  ^ Te  crystals  in  Table  1  vary  by  more 
than  a  factor  of  6.  Although  numerous  experimental  factors  can  preclude^’ ^ 
the  observation  of  EPR  spectra,  considerable  effort  was  made  to  alter  the 
present  operating  conditions  so  that  paramagnetic  signals  could  be  detected. 

[  Cavity  tuning  and  stability  difficulties  were  encountered  with  the  narrower 

band  gap  HgQ  ^CdQ  ^Te  samples  even  before  the  ion  implants.  The  implants  will 
generate  highly  conductive  surface  layers  that  result  in  well-known1^1  skin- 
depth  effects.  However,  any  significant  concentrations  of  paramagnetic 
centers  would  have  been  detected  if  they  had  been  present. 

The  boron  (11B+)  ions  were  implanted  into  the  Hg^_xCdxTe  samples  with  a 
Model  400  MPR-Veeco/ AI  ion-implanter  system.  The  implants  were  performed  at 
room  temperature  with  low  ion  dose  rates  to  minimize  inadvertent  heating 
effects.  No  new  EPR  signals  were  observed  from  various  Hg^_xCdxTe  crystals 
implanted  with  boron  that  had  energies  from  40  to  250  keV.  The  total  boron 
doses  in  these  crystals  was  up  to  2  *  lO1-*  ions/cm2.  Because  thresholds  for 
the  observations  of  implant- induced  EPR  spectra  had  been  reported  for  other 
semiconductors,1  ’ ^  a  heavy  four-stage  implant  (2.5  *  101-*  B+  ions/cm2  at 
100,  200,  300,  and  400  keV)  was  performed  to  produce  a  total  dose  of  1  x  lO1^ 
B+  ions/cm.  Samples  from  all  of  the  crystals  in  Table  1  were  simultaneously 

i  7 

implanted  under  the  conditions  just  described.  The  conditions  are  expected 

to  produce  a  fairly  uniform  ^B  distribution  (although  the  mean  boron  content 

will  decrease  with  distance  from  the  implant  surface)  more  than  1  pm  into  the 

Hg-|_xCdxTe  crystals.  The  actual  n-p  junction  will  probably  lie  deeper  than 
1  ft 

the  boron  implant,  °  but  its  position  has  not  been  determined.  We  intended  to 
produce  sufficient  volumes  of  boron  implant  and  damage  regions  to  detect  any 
paramagnetic  centers  with  the  available  EPR  equipment. 


11 


III.  EFFECTS  OF  BORON  ION  IMPLANTS 


After  a  four-stage,  room  temperature  implant  to  produce  a  total  dose 

of  1  *10  0  ions/cm  ,  new  EPR  spectra  were  observed  from  Hg^CdjjTe  samples 
listed  in  Table  1.  Figure  1  exhibits  a  representative  first  derivative 
spectrum  for  an  implanted  Hg0  yCdQ  ^Te  crystal  when  it  was  cooled  to  5  K. 
Similar  signals  were  obtained  between  2  and  78  K,  although  cavity  tuning 
became  more  difficult  at  higher  temperatures.  As  illustrated  in  Fig.  1, 
Lorentzian  lineshapes  give  much  better  fits  than  Gaussian  curves  to 
experimental  traces  obtained  at  5  K  or  higher  temperatures.  Similar  results 
were  found  for  the  implant-induced  signals  from  the  other  implanted  Hg.,_xCdxTe 
samples.  In  several  cases,  significantly  improved  fits  occurred  by  including 
a  second  Lorentzian  line  with  a  narrower  width.  The  inhomogeneous 
distribution  of  the  paramagnetic  centers  created  during  implantation  may  be 
responsible  for  the  need  to  include  a  second  component  to  the  lineshapes.  The 
g-factor  constants,  the  peak-to-peak  linewidths  (A  Hpp ) ,  and  the  paramagnetic 
spin  concentrations  normalized  to  sample  weights  that  were  derived  from  the 
fitted  EPR  spectra  are  summarized  in  Table  2.  The  actual  densities  of 
paramagnetic  centers  are  much  greater  than  indicated  in  Table  2.  The  defects 
are  presumably  confined  to  regions  affected  by  the  boron  implants,  which  only 
penetrate  approximately  1  urn  into  the  crystals.  The  dimensions  of  the  damaged 
regions  are  currently  unknown.  However,  the  effective  densities  are  estimated 
to  be  between  10  and  10  ~  spins/cm  ,  if  the  paramagnetic  defects  are  assumed 
to  be  distributed  from  1.0  to  10  ym  below  the  surface. 

The  g-factor  constants  in  Table  2  are  considered  to  be  equivalent  for  all 
the  implanted  Hg1_xCdxTe  samples  and  are  also  nearly  identical  to  the  free- 
electron  g-factor  (gg)  of  2.0023.  Although  these  g-factors  are  slightly 
anisotropic,  a  positive  g-factor  shift  ( g-ge )  of  5  (1)  *  10_i|  was  obtained. 

Ion  implants  have  previously  produced  paramagnetic  "dangling-bond"  defects  in 
Si  and  GaP  with  isotropic  g-factors  of  2.0059  and  2.0032,  respectively.^’^ 
These  dangling-bond  centers  are  usually  attributed^  to  localized  electronic 
states  formed  when  covalent  bonds  are  broken.  Although  the  character  of  a 
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Comparison  of  Lorentzian  and  Gaussian  Least-Squares  Fits  to  the  EPR 
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icble  2.  Summary  of  EPR  Parameters  for  B+  Ion-Implanted 
Hg^jjCdjjTe  Crystals3 


Sample 

Label 

X 

T 

(K) 

Annealing 

Conditions 

g-factor 

AH 

PP 

(G) 

Nominal 

Concentration 

(spins/gm) 

Cl 

1 .00 

5 

As  implanted 

2.0030(1) 

2.0028(1) 

6.7 

2.6 

2.3  .  10jJ 

0.3  *  1014 

C3 

1  .00 

5 

As  implanted 

2.0028(1) 

6.8 

5.9  *  1014 

H5 

0.32 

2 

As  implanted 

2.0028(2) 

3.5 

- 

2 

200CC ,  1  hr 

2.0028(  1) 

2.5 

- 

2 

300°C,  1  hr 

2.0029(1) 
2.0023( D 

4.6 

1.7 

4.0  *  lO1^ 

1.1  *  1014 

He 

0.32 

As  implanted 

2.0028(1) 

1.8 

3.5  »  1015 

H7 

0.31 

5 

As  implanted 

2.0029(1) 

2.0028(1) 

6.0 

2.4 

6.7  x  lojf 

0.4  *  10 

if)  P 

Tne  total  dose  was  1  «  10  ions/ciit  ,  and  T  corresponds  to  the  temperature 
during  the  EPR  measurements.  Magnetic  fields  are  approximately  perpendicular 
to  the  implanted  crystal  face  for  each  sample. 
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dangling-bond  defect  in  an  ionic  1 1 -VI  semiconductor  such  as  CdTe  is  not  i 

obvious,  the  g-factors  in  Table  2  for  boron- implanted  Hg.j_xCdxTe  are 

consistent  with  these  defects.  In  contrast,  the  g-factors  for  boron-implanted  j 

CdTe  samples  are  distinctly  different  from  the  g  *  1.7  reported  by  other 

researchers^  for  shallow  donor  states  in  chemically  doped  CdTe.  Low  j 

temperature  (~  10  K)  illuminations  of  all  the  boron-implanted  Hgi_xCdxTe  • 

crystals  also  did  not  generate  g  «  1.7  EPR  signals  associated  with  shallow 
donors.  Furthermore,  the  measured  temperature  dependencies  of  the  EPR 

intensities  for  boron-implanted  Hg.|_xCdxTe  samples  exhibit  an  inverse  \ 

temperature  behavior  expected  for  isolated  unpaired  spins  rather  than  the  I 

temperature  independent  intensities  found  for  conduction  electrons.  Hence, 

the  EPR  spectra  produced  by  boron  implants  do  not  directly  correspond  to  the 

degenerate  conduction  bands  commonly  seen  J  in  implanted  HgCdTe.  Whereas 

deep  donors  usually  have  small  shifts  in  their  g-factors,  their  presence  j 

also  gives  rise  to  hyperfine  splittings  in  the  EPR  spectra,  as  has  been  noted 

prev iously ^ ^ 1  in  doped  CdTe.  Isolated  boron  deep  donor  states  should 

produce  distinctive  hyperfine  patterns  for  both  the  ^B  and  isotopes. 

However,  the  EPR  spectra  for  boron-implanted  Hg1_xCdJ(Te  do  not  indicate  these 

hyperfine  splittings.  Electron  spin-exchange  effects  between  closely  spaced 

20 

paramagnetic  centers  as  well  as  rapid  hopping  motions  of  the  spins  can 
eliminate  these  splittings  and  produce  unsplit  and  narrowed  Lorentzian  lines, 
as  are  observed  from  the  implanted  crystals.  The  smallest  AHpp  value  occurs 
for  the  H6  sample  with  the  largest  concentration  of  these  paramagnetic 
centers,  which  is  consistent  with  the  electron  spin  exchange  mechanism. 

When  the  1 1 B+  implanted  Hg0g  yCdQ  ^T e  crystals  are  cooled  below 
approximately  4  K,  partially  resolved  two-component  lineshapes  are  observed 
for  some  orientations,  as  shown  in  Fig.  2.  Although  these  anisotropic 
lineshapes  could  be  caused  by  hyperfine  interactions,  they  cannot  be  readily 
interpreted  from  the  natural  distribution  of  the  Hg,Cd,  or  Te  isotopes,  or 
from  the  expected  quadruplet  for  an  isolated  center.  Consequently,  the 
two  EPR  components  that  are  clearly  seen  in  Fig.  2  could  result  from  two  (or 
more)  independent  defect  centers  with  slightly  different  g-factors.  Figure  3 
illustrates  the  collapse  of  the  two-component  line  for  the  implanted 
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Fig.  3. 


Comparisons  of  Two-Line  and  One-Line  Fits  to  -*-45  deg  Orientation  of 
Implanted  Hg0  5gCd0  -j2Te  Sample  at  Different  Temperatures.  For 
temperatures  above  6  K,  the  two-line  fits  cannot  be  distinguished 
from  the  one-line  fits  and  are  not  shown. 
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HgQ  68^0  3 2Te  samPle  H6  into  a  single  peak  as  the  temperature  is  raised.  A 
symmetric  and  nearly  Lorentzian  lineshape  is  found  above  6  K,  where  AHpp 
values  systematically  decrease  from  1.7  to  1.2  g  as  the  temperature  increases 
to  30  K.  This  behavior  for  AHpp  could  be  caused  by  a  thermally  activated 
process  where  the  paramagnetic  spins  hop  between  two  or  more  different 
locations.  Although  the  identities  of  these  defects  cannot  be  established 
from  the  available  data,  closely  spaced  but  independent  centers  would  be 
required  to  produce  the  collapse  of  the  EPR  lineshape  shown  in  Fig.  3. 

Similar  changes  in  the  low-temperature  lineshapes  were  observed  from  the  other 
implanted  Hg1_xCdxTe  samples,  although  the  linewidths  were  generally  too  large 
to  give  the  resolutions  shown  in  Figs.  2  and  3.  The  simultaneous  presence  of 
broad  and  narrow  lines  obscured  these  anisotropic  lineshape  separations  for 
some  samples.  However,  the  AHpp  reduction  with  increasing  temperature  is 
reproduced  by  all  implanted  samples. 

Studies  of  thermal  anneals  on  the  EPR  spectra  generated  by  the  11B+ 
implants  were  initiated.  One  hour  anneals  up  to  300°C  do  not  cause 
significant  changes  in  the  g-factors  or  signal  intensities.  However,  as 
indicated  in  Table  2,  some  changes  in  lineshapes  and  AHpp  values  are  noted 
after  these  anneals.  Because  only  minor  alterations  in  the  paramagnetic 
defect  distributions  were  produced  by  these  anneals,  which  are  known1-^’ 18 
to  remove  various  defects  from  implanted  Hg1_xCdxTe,  the  behavior  of  the  EPR 
signals  does  not  appear  to  be  related  to  these  particular  defects.  Further 
experiments  that  evaluate  implants  at  different  conditions  and  doses,  as 

well  as  more  varied  anneals,  are  in  progress  to  help  establish  the  microscopic 
identities  of  the  paramagnetic  centers  created  in  Hg^_xCdxTe  by  boron 
implants.  These  results  will  be  reported  elsewhere. 
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LABORATORY  OPERATIONS 

The  Aerospace  Corporation  functions  as  an  "architect-engineer”  for 
national  security  projects,  specializing  in  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  is  the  technical  staff's  wide-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Aerophyslcs  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechanics,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  exclmer  laser  development  including  chemical  kinetics, 
spectroscopy ,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out-of -f ield-of -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics ,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  fault-tolerant  computer  systems,  artificial  Intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  semiconductor  devices,  mlcrowave/mllllmeter  wave  measurements, 
diagnostics  and  radiometry,  mlcrowave/mllllmeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy-induced 
environments. 

Space  Sciences  Laboratory:  Magnetospheric,  auroral  and  cosmic  ray 
physics,  wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric 
and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  Infrared  astronomy, 
Infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
instrumentation. 
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